Infection with Japanese encephalitis virus (JEV), a mosquito-borne flavivirus, may cause acute encephalitis in humans and induce severe cytopathic effects in various types of cultured cells. We observed that JEV replication rendered infected baby hamster kidney (BHK-21) cells sensitive to the translational inhibitor hygromycin B or ␣-sarcine, to which mock-infected cells were insensitive. However, little is known about whether any JEV nonstructural (NS) proteins contribute to virus-induced changes in membrane permeability. Using an inducible Escherichia coli system, we investigated which parts of JEV NS1 to NS4 are capable of modifying membrane penetrability. We found that overexpression of NS2B-NS3, the JEV protease, permeabilized bacterial cells to hygromycin B whereas NS1 expression failed to do so. When expressed separately, NS2B alone, but not NS3, was sufficient to alter bacterial membrane permeability. Similarly, expression of NS4A or NS4B also rendered bacteria susceptible to hygromycin B inhibition. Examination of the effect of NS1 to NS4 expression on bacterial growth rate showed that NS2B exhibited the greatest inhibitory capability, followed by a modest repression from NS2A and NS4A, whereas NS1, NS3, and NS4B had only trivial influence with respect to the vector control. Furthermore, when cotransfected with a reporter gene luciferase or ␤-galactosidase, transient expression of NS2A, NS2B, and NS4B markedly reduced the reporter activity in BHK-21 cells. Together, our results suggest that upon JEV infection, these four small hydrophobic NS proteins have various modification effects on host cell membrane permeability, thereby contributing in part to virus-induced cytopathic effects in infected cells.
Among the medically important flaviviruses, Japanese encephalitis virus (JEV), which causes acute encephalitis in humans, has the highest mortality rate and remains as one of the major threats to public health in several parts of Asia (7, 46) . Like other arthropod-borne flavivirus infections, JEV infection involves complex relationships among insect vectors, vertebrate reservoirs, and human subjects (9) . Upon JEV infection, marked differences in cytopathogenecity are observed in different types of cultured cells. Infection of vertebrate cells is often cytocidal, resulting in drastic cytopathic effects (CPE) and ultrastructural changes, whereas infection of mosquito cells is noncytopathic, usually leading to persistent infection (reviewed in reference 34).
A wide variety of primary and continuous cell cultures of different origins can support the productive growth of JEV. Among them, Vero, LLC-MK2 (monkey kidney), and BHK-21 (baby hamster kidney) cells are frequently used for virus titer determination by plaque assays due to their apparent CPE induced by JEV infection (41) . At the microscopic level, such infected cells display cell rounding, shrinkage, and dislodgment from the growth surface. At the ultramicroscopic level, the most prominent feature of flavivirus infection is a dramatic proliferation of intracellular membranous structures, including rough endoplasmic reticulum (RER) and Golgi complex, within which virus particles accumulate (20, 21) . The exact molecular mechanism used by JEV to induce the infected-cell CPE is largely unknown.
Cytocidal viruses injure cells through a variety of mechanisms (reviewed in reference 25) . There are at least two general pathways of cell death, i.e., necrosis and apoptosis; cell death due to viral infection could be the result of either or both pathways. JEV replication triggers apoptosis in various cell lines (31) . Cytolytic viruses are known to cause their host cells to disintegrate by increasing plasma membrane permeability, causing a loss of cellular ion gradients and leakage of essential compounds from the cell (reviewed in reference 8), which leads to necrosis. The effects of viruses on cell membrane occur in at least two ways: by promoting membrane fusion between virus and cell and between cell and cell, and by altering the permeability of the plasma membrane (reviewed in reference 25) . A growing body of evidence indicates that the expression of one single gene from certain animal viruses is sufficient to modify membrane permeability. These viral proteins are called viroporins. Viroporins are rather small polypeptides with a hydrophobic stretch of amino acids capable of forming an amphipathic helix; therefore, they possess activities like some ionophores or membrane-active toxins (reviewed in reference 8). Several viral proteins have been proven to be viroporins; these include poliovirus 2BC and 3AB proteins (1, 27, 29) ; human immunodeficiency virus gp41 (4); influenza virus M2 protein (19) ; togavirus 6K protein (40) ; human respiratory syncytial virus small hydrophobic protein (36) ; rotavirus NSP4 protein (44); hepatitis A virus 3A (37), 2B (23) , and 2BC proteins (23); hepatitis C virus E1 protein (14) ; and coxsackievirus 2B protein (45) .
As with other cytocidal viruses, JEV is likely to affect different host cellular processes at different steps of the viral repli-cation cycle. The JEV genome is a single-stranded, positivesense RNA of approximately 11 kb and contains an open reading frame of more than 10 kb encoding a polyprotein (reviewed in references 10 and 38). In the infected cells, the viral polyprotein is proteolytically cleaved by cellular and/or viral proteases into more than 10 structural and nonstructural (NS) proteins. The order of flavivirus proteins is 5Ј-C-prM(M)-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-3Ј. The NS proteins in JEV-infected cells comprise a glycosylated NS1, two hydrophilic proteins NS3 and NS5, and four small hydrophobic proteins, NS2A, NS2B, NS4A, and NS4B. Among these proteins, NS3 and NS5, which are believed to be enzymatic components of the viral RNA replicase (11) , localize in the cytoplasm and remain associated with intracellular membranes (16) . In fact, NS3 is a multifunctional viral enzyme that contains helicase and NTPase activities in its central region (26) and a protease activity in its N terminus when associated with the viral cofactor NS2B (17, 22) . NS2A, NS2B, NS4A, and NS4B, albeit less highly conserved in primary sequences among flaviviruses, have similar structural features consisting predominately of multiple hydrophobic, potential membrane-spanning domains (10) . Except for the enzyme cofactor activity of NS2B for NS3 protease, little is known about the biological functions of these hydrophobic proteins in the flavivirus life cycle and the roles they may play in contributing to virus-induced CPE in infected cells.
In the present study, we observed that JEV infection can turn the originally insensitive cells into cells sensitive to the translational inhibitor hygromycin B or ␣-sarcine, indicating an increase in membrane permeability upon JEV infection. To further elucidate which JEV proteins are involved in this cytopathic process, we analyzed the changes in membrane permeability by overexpressing JEV NS proteins in an Escherichia coli inducible expression system (28) . In addition, we investigated the effects of expression of such NS proteins on eukaryotic BHK-21 cells by assaying the gene expression of two reporter systems under different promoter controls. Our data illustrate that during JEV replication, some of its small hydrophobic NS proteins play a role in modifying membrane permeability of infected cells and thus might account in part for virus-induced CPE.
MATERIALS AND METHODS
Viruses and cell lines. The plaque-purified Taiwanese local JEV RP-9 (12) was used for the cloning of JEV genes and for the infection of cells. Virus propagation was carried out with BHK-21 cells in RPMI 1640 medium containing 2% fetal bovine serum (GIBCO). Virus titers were determined by a plaque-forming assay on BHK-21 cells as previously described (32) .
Construction of plasmids expressing JEV proteins. For the expression of JEV proteins, cDNA fragments were reverse transcription-PCR amplified from JEV RP-9 (GenBank accession no. AF014161) as previously described (13, 33) . The primer pairs used in the cloning procedures are listed in Table 1 . The resulting cDNA fragments were cloned into TA vector pCR3.1, pCR3, or pCR3-uni (Invitrogen), in which the inserted gene is controlled by the enhancer-promoter sequences derived from the immediately-early gene of human cytomegalovirus (CMV), as well as by the bacteriophage T7 promoter. Standard recombinant DNA techniques (39) were used for plasmid construction. The inserted gene fragments, which were released from the TA vectors, were then subcloned into pET21 (Novagene) to fuse in frame with a T7 tag. After verification by sequencing, the resulting plasmids were used to transform E. coli BL21(DE3)pLysS (Novagene) for a membrane permeability assay. The plasmids expressing JEV NS proteins constructed in this study are listed in Table 2 . In some experiments, to detect the viral proteins expressed in eukaryotic BHK-21 cells, a T7 tag was added in frame to the N terminus of each viral protein by the PCR cloning technique. A set of primers including a 5Ј T7-tag primer derived from pET21 vector (Table 1 ) and a 3Ј downstream primer for individual viral proteins was used to amplify the JEV genes with the above recombinant pET21 plasmids as templates. These PCR products were cloned into a eukaryotic expression vector, pCR3.1, and the resulting constructs were named Tag-NS2A, Tag-NS2B, Tag-NS4A, and Tag-NS4B.
Measurement of membrane modification by JEV infection.
BHK-21 cells in a six-well plate were infected with JEV at a multiplicity of infection of 5 as previously described (32) . At the indicated time points postinfection (p.i.), the medium was removed and the cells were incubated for 30 min at 37°C with warm methionine (Met)-and cysteine (Cys)-free RPMI 1640 medium containing 2% dialyzed fetal bovine serum in the absence or presence of hygromycin B (500 g/ml; Boehringer Mannheim) or ␣-sarcine (10 g/ml; Sigma). The cells were then labeled with 100 Ci of [
35 S]Pro-mix (Amersham) per ml at 37°C for another 30 min. The culture fluids were removed, and the cell layers were rinsed with ice-cold phosphate-buffered saline and harvested in a lysis buffer (1% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 1 mM EDTA) containing a cocktail of protease inhibitors (20 g of phenylmethysulfonyl fluoride per ml, 2 g of leupeptin per ml, 2 g of aprotinin per ml). The proteins were precipitated onto fiberglass discs (GF/C; Whatman) with a TCA solution (5% trichloroacetic acid, 20 mM sodium pyrophosphate). The discs were washed with 70% ethanol and dried at room temperature. To measure the total 35 S label in the samples, the same amount of protein lysate was spotted on the disc, air dried, and counted in a ␤-counter (Beckman) with scintillation fluid (Biofluor; Dupont, NEN). The incorporation of [ 35 S]Met was calculated as (incorporated/total) ϫ 100% for each sample.
Induction of recombinant protein expression in E. coli. A single colony of E. coli BL21(DE3)pLysS containing the indicated plasmid was grown overnight in Luria-Bertani medium in the presence of 100 g of ampicillin per ml and 34 g of chloramphenicol per ml. The cells were then diluted 100-fold in M9 medium supplemented with 0.2% glucose and antibiotics and grown at 37°C. Once the cultures reached an absorbance at 600 nm of 0.5 to 0.6, they were induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). Rifampin (150 g/ml; Boehringer Mannheim) was added 20 min after induction to inhibit the transcription of E. coli RNA polymerase.
Labeling and electrophoretic analysis of proteins. To label the proteins synthesized by the transformed bacterial cells, after the indicated periods of IPTG induction 1-ml aliquots of cultures were collected and incubated with 10 Ci of [ 35 S]Pro-mix per ml in the absence or presence of hygromycin B (1 mM) at 37°C. The labeled bacteria were pelleted, resuspended in a sample buffer (0.1 M dithiothreitol, 160 mM Tris-Cl [pH 6.8], 1% sodium dodecyl sulfate [SDS], 0.024% bromophenol blue, 10% glycerol), separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (10 to 15% polyacrylamide), and fluorographed at Ϫ70°C.
Radioimmunoprecipitation (RIP). The JEV monoclonal antibodies (13) or T7 tag monoclonal antibody (Novagen) were first incubated with a mixture of protein A and protein G-Sepharose (Pharmacia) at room temperature for 1 h, and the 35 S-labeled protein lysates were then added and incubated at room temperature for another 1 h. The resulting immunocomplexes were washed three 
a According to the complete sequences of JEV, RP-9 (GenBank accession no. AF014161).
b BamHI restriction enzyme recognition site created for cloning purposes. times with RIPA buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate), analyzed by SDS-PAGE, and fluorographed at Ϫ70°C. ␤-Galactosidase assay. By using Lipofectamine PLUS (GIBCO-BRL) as described by the manufacturer, BHK-21 cells in a six-well plate were cotransfected with ␤-galactosidase reporter plasmid, pCMV␤ (Clontech) (0.5 g per well) and each of the plasmids expressing the various JEV proteins (2.5 g per well). Two days posttransfection, the cell lysates were harvested and the enzyme activity was measured with a ␤-galactosidase assay system (Promega) as described by the manufacturer. The total amounts of protein in each sample were measured with a protein assay kit (Bio-Rad) based on the Bradford dye-binding procedure. The activity of reporter gene expression was normalized to the total amount of protein in each sample tested, and the relative enzyme activity of ␤-galactosidase was calculated as the ratio of enzyme activity from each sample to that from a negative vector control.
Luciferase assay. BHK-21 cells were cotransfected with a luciferase reporter plasmid, pGL3-control (Promega), and each of the plasmids expressing the various JEV proteins as described above for the ␤-galactosidase assay. At 24 h posttransfection, the cells were lysed and assayed for their luciferase activity by using a luciferase assay system (Promega). The relative reporter gene expression was calculated as described above for the ␤-galactosidase assay.
RESULTS

Membrane modification by JEV infection.
To evaluate the membrane modification induced by JEV infection, we first assayed the permeabilization of infected BHK-21 cells to a translational inhibitor hygromycin B (M r , 550) or ␣-sarcine (M r , 16,800), neither of which is able to cross the unaltered membrane (3) . As the data in Fig. 1A show, protein synthesis by infected cells, as measured by the amounts of [ 35 S]methionine incorporated into total proteins, decreased in the presence of hygromycin B or ␣-sarcine at 18 h postinfection and further declined as the virus replication progressed. As a control, the mock-infected cells remained resistant to both inhibitors during the same period (Fig. 1B) . Thus, similar to other cytolytic animal viruses (reviewed in reference 8), JEV modified the membrane permeability of infected cells during the infection process.
Expression of JEV protease NS2B-NS3 increased the membrane permeability. Several viral proteins involved in the membrane modification have been identified by using an inducible E. coli expression system (reviewed in reference 8). A similar approach was used here to explore which JEV NS proteins possess the ability to alter membrane permeability. We first investigated the modification effect of JEV protease NS2B-NS3 on a bacterial membrane. The DNA fragment of fulllength NS2B-NS3 was cloned in expression vector pET21 and transformed into E. coli BL21(DE3)pLysS as described in Materials and Methods. In the presence of the bacterial RNA polymerase inhibitor rifampin, expression of NS2B-NS3, which was under the control of the T7 promoter, was readily detected at 20, 40, and 60 min after IPTG induction ( Fig. 2A, lanes 2, 4,  and 6 ). The protein band indicated by the arrowhead in Fig. 2A was confirmed to be full-length NS2B-NS3, 83 kDa in size, by immunoprecipitation with monoclonal antibodies specific for JEV NS3 (reference 13 and data not shown). However, addition of hygromycin B greatly reduced the amount of NS2B-NS3 expression under the same condition (lanes 3, 5, and 7), indicating that NS2B-NS3 expression changed the bacterial membrane permeability, thus allowing the entry of the translational inhibitor. In contrast, inducible expression of JEV NS1 protein did not render the bacteria susceptible to hygromycin B inhibition (Fig. 2B) , suggesting that NS1 did not have any effect on membrane modification.
The ability of full-length NS2B-NS3 to permeabilize the E. coli membrane was further examined by expression and testing of tentative virus protease, NS2B plus the N-terminal one-third of NS3 (22) . As shown in Fig. 2C , expression of pET/NS2B-3(1-373), encoding the full-length NS2B (131 amino acids) and the N-terminal 242 amino acids of NS3 (about 39% of NS3), still modified membrane permeability. On the other hand, expression of pET/NS2B-3(126-373) (Fig. 2D) , containing the first 242 amino acids of NS3 plus the last 6 amino acids of NS2B, failed to trigger the entry of hygromycin B into bacterial cells. Moreover, expression of full-length NS3 alone also failed to modify the bacterial membrane (data not shown). These results strongly suggest that the membrane interacting domain of NS2B-NS3 is localized in the NS2B region. Membrane modification by four small, hydrophobic proteins: NS2A, NS2B, NS4A and NS4B. To further examine if NS2B expression alone was enough to alter membrane permeability, we cloned and evaluated NS2B in the bacterial pET system described above. The results shown in Fig. 3C indicate that expression of pET/NS2B(1-131), i.e., the full-length NS2B, resulted in a major protein band of 16 kDa as predicted for NS2B (Fig. 3C, lanes 2 and 4) , which was immunoprecipitated by a monoclonal antibody against T7 tag present in this NS2B fusion protein (lane 6). Addition of hygromycin B markedly diminished the NS2B expression (lanes 3 and 5). These data clearly illustrate that when expressed separately, NS2B alone was sufficient to alter bacterial membrane permeability. Interestingly, inducible expression of pET/NS2B-DraI(1-125), a mutant NS2B with a deletion of the last 6 amino acids from its C terminus (Fig. 3B) , entirely abolished the ability of NS2B to induce the influx of hygromycin B to cells (Fig. 3D) . This result implicates the direct involvement of these 6 amino acids (LKTTKR), which are mainly positively charged and hydrophilic (Fig. 3A) , in the membrane modification capability of NS2B. Besides, it is also possible that lack of these 6 amino acids will alter the conformation of the domain of NS2B involved in modifying membranes.
The observation of the effect of NS2B on membrane modification suggests that the other three small, hydrophobic NS proteins, NS2A, NS4A, and NS4B, may also be involved in membrane permeabilization. To test this hypothesis, the JEV NS2A gene was cloned as described in Materials and Methods, and its expression from vector pCR3.1 or pET21 was readily detected by an in vitro transcription coupled with translation system (data not shown). However, no major NS2A protein bands could be identified when expressed by the bacterial pET inducible system. The NS2A protein derived from our JEV strain may have been extremely unstable or the codon usage may not have been suitable in the bacteria, such that this pET system was unable to detect NS2A. Hence, whether NS2A possesses the ability to modify the membrane permeability of E. coli cells by using the hygromycin B inhibition method as described above for NS2B remains unknown. In contrast, expression of NS4A (Fig. 4C) more, expression of pET/NS4A-HindIII(23-149), a shorter mutant with a deletion of 22 residues from the N terminus of NS4A ( Fig. 4B and D) , maintained the membrane-modifying capability of its parental NS4A (Fig. 4B and C) . Likewise, expression of NS4B (Fig. 5B and C) or its shorter constructs (Fig. 5B, D , and E) also exhibited the membrane-modifying capability, although at a lesser magnitude than that of NS2B (Fig. 3) or NS4A (Fig. 4) . Together, these results indicate that overexpression of NS2B, NS4A, or NS4B permealizes E. coli cells to the translational inhibitor hygromycin B.
Effect of JEV NS proteins on E. coli cell growth. We next investigated whether expression of these JEV NS proteins, in the absence of translational inhibitors, affect bacterial cell growth. The growth rates of E. coli BL21(DE3)pLysS, transformed with various pET21 plasmids expressing each individual JEV NS protein, were analyzed spectrophotometrically by measurement of optical density. As shown in Fig. 6B , upon IPTG induction NS2B exhibited the greatest inhibitory effect on bacterial growth rate, followed by NS2A and NS4A, which gave a modest suppression, whereas NS1, NS3, NS4B, and the control pET21 had no influence. In contrast, all bacterial cells grew in a similar pattern without IPTG induction (Fig. 6A) , illustrating that it was the expression of the various induced JEV NS proteins that caused the changes of bacterial cell growth kinetics.
Effects of expression of small hydrophobic JEV NS proteins on eukaryotic gene expression.
The observation that some JEV NS proteins modify bacterial membranes and alter bacterial growth profiles prompted us to explore the effects of the expression of these NS proteins on mammalian cells. Two reporter gene systems, luciferase (controlled by the simian virus 40 [SV40] promoter) and ␤-galactosidase (governed by the CMV immediate-early promoter), were cotransfected with each JEV NS gene into BHK-21 cells. If the expression of JEV NS proteins could indeed modify cell membranes, including the plasma membrane and the intracellular organelle membranes, the changes in reporter activities should reflect the extent of physiological disturbance in the target cells examined. To conveniently identify NS proteins in the cells, a T7 tag was fused with the N terminus of each viral NS protein as described in Materials and Methods; expression of these NS fusion proteins was detected in vitro and in vivo by immunoprecipitation with monoclonal antibody against the T7 tag (data not shown). As shown in Fig. 7A , compared to the pcDNA3 control, luciferase activities decreased dramatically from the cells cotransfected with JEV NS2A, NS2B, or NS4B; in contrast, expression of NS4A or NS1 had only trivial effects on reporter activities. The levels of luciferase activity in culture supernatants were also determined, and no major difference was detected among these samples (data not shown). This result indicates that the decrease of luciferase activity in certain samples was due to the inhibition of reporter gene expression but not to the release of reporter gene product into culture supernatants. Therefore, the inhibition of reporter gene expression was more likely to result from the modification of intracellular organelle membranes, leading to disturbance of ion homeostasis (discussed below) or some other unknown reasons. Also, we observed an almost identical inhibitory pattern from the NS proteins without the T7 tag (Fig. 7B) ; that is, NS2A, NS2B, and NS4B, rather than NS4A, were able to cause potent suppression of luciferase activities compared to their opposite-orientation controls, NS2A-R and NS4A-R. The moiety of bacteriophage T7 tag in the fusion proteins appeared to play no role in altering the membrane integrity of BHK-21 cells. We next tried to verify whether inhibition of reporter activity by expression of JEV NS genes was only associated with the genes under SV40 promoter control. The effect of expression of the various JEV NS genes was therefore also examined in Fig. 7A and B, there was still a similar inhibitory profile for each NS protein ( Fig. 7C and D) ; i.e., expression of NS2A, NS2B, and NS4B, irrespective of the T7 tag, also repressed ␤-galactosidase activities, whereas expression of NS4A and NS1, just like the control pcDNA3, failed to affect the reporter activities. These results suggest that transient expression of certain small hydrophobic JEV NS proteins indeed displays global inhibition toward BHK-21 cells, presumably by modifying the integrity of intracellular organelle membranes or by some other unknown mechanisms.
DISCUSSION
In the present study, we demonstrated that not only does JEV infection render target cells susceptible to translational inhibitors ( Fig. 1) but also separate expression of certain NS proteins of JEV changes membrane permeability and alters the cell growth rate in an E. coli system (Fig. 2 to 6 ). The JEV NS proteins responsible for hygromycin B inhibition in the bacterial system were the small hydrophobic proteins NS2B (Fig.  3C) , NS4A (Fig. 4C) , and NS4B (Fig. 5C) ; overexpression of NS2A, NS2B, or NS4A resulted in delayed bacterial growth (Fig. 6B ) even in the absence of translational inhibitors. On the other hand, expression of NS2A, NS2B, or NS4B, but not NS1 or NS4A, suppressed reporter systems in mammalian BHK-21 cells (Fig. 7) . Being capable of functioning in both prokaryotic and eukaryotic systems, NS2A, NS2B, and NS4B appear to be the viroporins of JEV. These results may thus provide a molecular explanation for JEV-induced CPE observed in infected cells. By contrast, expression of JEV NS4A exhibited an effect only on bacterial membrane permeability (Fig. 4) but not on the expression of reporter genes in mammalian cells (Fig. 7) . Conceivably, such a discrepancy may be attributed to differences between the protein nature of NS4A synthesized in bacterial and mammalian cells or between the membrane composition derived from these two different types of cells. More experiments are needed to further study the exact role of NS4A on membrane modification.
The biological functions of small hydrophobic NS proteins of JEV are largely unexplored. Recent evidence has suggested that viroporins might play a crucial role in the release of viruses from infected cells (reviewed in reference 8). Theoretically, in the early phase of virus replication, viroporins of JEV in the cellular membrane compartments may form a hydrophilic pore by oligomerization, thus allowing ions and lowmolecular-weight hydrophilic compounds to pass nonspecifically. As infection progresses and the amounts of viroporins in the membrane increase, other viral and/or cellular proteins may be recruited to widen the pore size. Consequently, macromolecules including cellular enzymes may leak from infected cells, resulting in CPE. This notion is supported by what we observed in JEV-infected cells. Starting from 6 h p.i., JEV gradually turned the infected BHK-21 cells, which were originally resistant to low-molecular-mass translational inhibitors (0.5 to 16.8 kDa), into cells sensitive to such a translational inhibition (Fig. 1) ; moreover, starting from 16 h p.i., a cytoplasmic enzyme, lactate dehydrogenase (140 kDa), also began to leak out of the cells (31) . In addition, the kinetics of given infected cells sensitive to translational inhibitors seem to correlate with the virulence of JEV strains used; that is, the cells infected by attenuated strain RP-2ms (12) exhibited a delayed profile to translation inhibition compared to cells infected by its counterpart virulent strain, RP-9 (data not shown). This phenomenon is relevant because not only is the plaque size of RP-2ms on BHK-21 cells smaller than that of RP-9, but also RP-2ms virions are often accumulated intracellularly while RP-9 particles are readily released extracellularly (12) . Presumably, different viroporins derived from these two JEV strains may account for such phenotypic differences. However, the amino acid sequences of small hydrophobic NS proteins are identical between RP2-ms (GenBank accession no. AF014160) and RP-9, implying that other unidentified viroporins, for example, virus structural proteins E and prM/M, may play an important role in virion release as well as in virus virulence. Thus, it will be of interest to identify such viroporins from other parts of JEV genome in the near future.
Theoretically, NS2A, NS2B, NS4A, and NS4B of flavivirus, processed posttranslationally by cellular signalase in the ER lumen together with viral NS2B-NS3 protease in the cytosol, are predicted to be able to span the ER membrane at least once (reviewed in reference 10). In fact, the association of these viral proteins with membranes has been demonstrated in a flavivirus, West Nile virus, in which stringently washed membranes derived from the infected BHK-21 cells contain virusencoded NS2A, NS2B, and NS4B, although NS4A was not found in this study (47) . In addition to the hydrophobic region that interacts with the membrane, viroporins usually contain a short stretch of basic amino acids flanked by a membraneinteracting domain, a unique feature seen in several membrane-active toxins (8) . These basic amino acids are thought to participate in membrane permeabilization, probably by destabilizing the structural integrity of lipid bilayers. Consistent with this concept, JEV NS2B also comprises a region of 6 amino acids (3 of which are basic amino acids) at the carboxyl terminal, and removal of these 6 amino acids abolishes the membrane-modifying capability of NS2B (Fig. 3) . NS2B (131 amino acids), the smallest of these four hydrophobic proteins, might behave in a manner similar to other reported viroporins (reviewed in reference 8) based on protein length, the requirement for basic amino acids for membrane modification (Fig.  3) , and the ability to inhibit bacterial cell growth (Fig. 6) .
Flaviviruses do not markedly inhibit the macromolecule synthesis of host cells until late in the infection (34) . By analyzing a sensitive reporter system, we observed that JEV infection suppressed gene expression of luciferase or ␤-galactosidase in BHK-21 cells even before 24 h p.i. (data not shown). We further demonstrated that individual expression of JEV NS2A, NS2B, or NS4B blocked the activities of two different reporter systems in BHK-21 cells (Fig. 7) . However, the way in which transient expression of these JEV NS proteins inhibits reporter functions in mammalian system remains obscure. The inhibition of reporter gene expression was more likely to result from the modification of intracellular organelle membranes which might lead to disturbance of ion homeostasis. Among viroporins identified so far, poliovirus 2BC protein (2), coxsackie B3 virus 2B protein (45) , and rotavirus NSP4 (43) have been found to be capable of disrupting the intracellular Ca 2ϩ homeostasis of infected cells. Intracellular Ca 2ϩ appears to be an important regulatory signal for various biological events, and the ER serves as the major reservoir of Ca 2ϩ in the cells (reviewed in reference 18). Since small hydrophobic NS proteins of JEV are associated primarily with the ER membranes once they are synthesized, it is possible that occurrence of these NS proteins in the ER membrane triggers the release of Ca 2ϩ from the ER to the cytoplasm. Alteration of the intracellular Ca 2ϩ distribution may conceivably activate certain signaling pathways that eventually lead to the inhibition of reporters under SV40 or CMV promoter control. Besides, some membrane interactive proteins, such as poliovirus 3A (30) and 2BC (6), Sindbis virus envelope glycoproteins (24) , and rotavirus NSP4 (35) , have all been reported to cause cytotoxicity. Whether JEV hydrophobic NS proteins are also directly involved in cell death induced by JEV infection remains to be determined. Other cellular events, such as proliferation and rearrangement of membrane structures (5, 42) and inhibition of glycoprotein trafficking through the membranous compartments (5, 15) , have also been reported for other viroporins. Whether JEV hydrophobic NS proteins induce these cytopathic events also deserves further study. The results of these studies will enhance our understanding of the role of JEV hydrophobic NS proteins in the process of virus-induced CPE.
